Mixed-phase MgTiO3/MgTi2O5 microspheres were prepared through a salicylic acid precursor method and further calcined in air. The microspheres were formed through coordination, polymerization, and aggregation processes. Salicylic acid acted as a ligand in coordinating with metal ions, in addition to acting as a structure-directing agent in the polymerization and aggregation of the titanate precursor microspheres via chemical bonds and electrostatic attraction. The mixed-phase MgTiO3/ MgTi2O5 microspheres prepared by this method showed excellent photocatalytic hydrogen production efficiencies that were two and four times higher than mixed-phase nanoparticles and pure-phase nanoparticles, respectively, owing to their closed phase junctions and sphere-like morphologies. This versatile and facile salicylic acid precursor method was also used to prepare a number of other bivalent metal-based titanate microspheres, including BaTiO3, ZnTiO3, CoTiO3, NiTiO3, and CdTiO3.
INTRODUCTION
ATiO 3 -type (where A is a bivalent metal ion) perovskite titanates are key materials used in electronic devices, ceramics, solid oxide fuel cell electrodes, metal-air barriers, and gas sensors, owing to their outstanding electrical properties, chemical stability, and excellent dielectric loss constant [1] [2] [3] [4] [5] . Although these materials have been used for over 50 years, some unusual characteristics related to their photocatalytic properties have recently been discovered, which might lead to new applications in photoelectrochemistry and water splitting [6] [7] [8] . However, the limitations in material synthesis techniques and the lack of clear understanding of their electron structures hinder the exploitation of the full potential of titanates. Therefore, it is vital to develop new strategies for preparing highly efficient and functional nano-titanates and further study their electronic structures. Controlling the morphology of titanates is particularly important.
Microsphere-based functional materials have attracted great interest because of their potential for applications in a wide range of areas, such as drug delivery, photocataly-sis, dye-sensitized solar cells, gas sensors, and lithium-ion batteries, as a result of their intrinsic optical properties, high surface area, low density, and anisotropy [9] . Inverse opalphotonic crystals assembled from microspheres are regarded as a bridge connecting artificial and natural materials. Such materials are utilized in chemical sensing, solar cells, and biosensing [10] [11] [12] applications. Microspherical materials have been demonstrated as key materials in energy and environment applications. Although a number of metal oxide microspheres have been prepared by various approaches such as hydrothermal techniques [13] , Ostwald ripening [14] , and solvothermal techniques [15] , there are few reports on titanate microspheres, which may be due to the lack of availability of suitable synthesis methods. Conventional solid-state reactions that are used to prepare titanates usually yield products with large particle size, large amounts of impurities, and irregular morphologies. In addition, such reactions also require high sintering temperatures (> 1000°C) and long reaction times (> 6 h) [16, 17] . Therefore, developing new synthesis strategies for titanate microspheres with low energy consumption, controlled reactions, and ease of use is a great challenge.
Coordination chemistry is among the most important branches of chemistry. Many functional materials such as metal-organic frameworks, dyes, and metal-based molecules have been synthesized based on the principles of coordination chemistry. By utilizing metal ions and ligands, it is easy to obtain a soft precursor for metal oxides or perovskites. The metal-ligand precursor formed by the coordination polymerization of metal acetate and an organic ligand is a natural soft source for metal oxides and titanates, because the metal-oxygen octahedral bridge formed by the cross-linking of metal ions and oxygen, can easily transform into metal-oxide units during calcination [18, 19] . These soft metal-organic precursors could easily transform into titanates after annealing in air and the microsphere shape could be retained. The metal-ligand precursor route can significantly reduce the sintering temperature and reaction time to about 600 °C and 2 h, respectively, owing to the soft structure of the precursors [20] . However, the metal-ligand precursor method is restricted by ionic radius and other parameters. Therefore, a new and versatile method for preparing functional titanates is required.
In this context, we report a versatile method based on the salicylic acid (SA) medium for preparing ATiO 3 (where A = Mg, Ba, Zn, Co, Ni, and Cd) microspheres. Through this method, sphere-like titanates could be obtained by using SA as a ligand. The metal-SA frameworks can be assembled through the conjugated π-π interactions of the benzene ring in SA and the hydrogen bond as described in the literature [21] . Mixed-phase magnesium titanates ( MgTiO 3 /MgTi 2 O 5 ) are believed to be excellent photocatalysts for hydrogen production, owing to the natural phase junctions formed by the mixed-phase MgTiO 3 and MgTi 2 O 5 that could enhance charge separation [22] .
EXPERIMENTAL SECTION Synthesis
The typical synthesis procedure for titanate microspheres using the SA precursor method was as follows. Clear ethanol solution (40 mL) containing 0.01 mol of metal acetate (Mg, Ba, Zn, Co, Ni, and Cd), 0.01 mol of tetrabutyl titanate, and 0.01 mol of SA was transferred into a 50 mL Teflon-lined stainless-steel autoclave, which was then sealed and heated at 180°C for 12 h. After the solvothermal reaction, a precipitate containing the metal-SA precursor was obtained. The precursor was purified using three centrifugation and redispersion cycles with absolute ethanol and was dried under vacuum at 60°C for 4 h. The titanate microspheres were prepared by calcining the precursor in air at different temperatures for 2 h. The mixed-phase magnesium titanate samples were used for photocatalytic hydrogen production and were denoted as MT600, MT700, and MT800 for easy identification. Characterization X-ray powder diffraction (XRD) patterns were obtained using the Bruker D8XRD unit. Scanning electron microscopy (SEM) images were acquired using a Hitachi S-4800 instrument operating at 15 kV. Transmission electron microscopy (TEM) experiments were performed on a JEM-2100 electron microscope (JEOL, Japan) with an acceleration voltage of 200 kV. Carbon-coated copper grids were used as the sample holders. Pyrolysis of the metal-SA precursors was carried out in a thermogravimetry (TG) unit (TA, Q600) under a stream of air with a heating rate of 10°C min −1 . The specific surface area of the product was determined using the Brunauer-Emmett-Teller (BET) method using a Tristar II 3020 surface area and porosity analyzer (Micromeritics). UV-visible absorption spectra were recorded using a UV-visible spectrophotometer (SHIMADZU UV-2550).
Photocatalysis
The photocatalytic hydrogen production experiments were conducted in an online photocatalytic hydrogen production system (AuLight, Beijing, CEL-SPH2N) at ambient temperature (20°C). The catalyst (0.1 g) was suspended in a mixture of distilled water (80 mL) and methanol (20 mL) in the reaction cell using a magnetic stirrer. Pt-loaded photocatalysts (1 wt.%) were prepared by a known standard in-situ photodeposition method using H 2 PtCl 6 aqueous solution. Prior to the reaction, the mixture was deaerated by evacuation to remove the O 2 and CO 2 dissolved in water. The reaction was carried out by irradiating the mixture with UV light from a 300 W Xe lamp (AuLight, CEL-HXF300) with a UVREF filter (AuLight, 200-400 nm). Gas evolution was observed only under photoirradiation and the evolved gases were analyzed using an online gas chromatograph (SP7800, TCD, molecular sieve 5 Å, N 2 carrier, Beijing Keruida Limited).
The apparent quantum efficiency (AQE) for hydrogen generation was determined using the same closed circulating system with a 300 W Xe lamp and band pass filter (313 nm) illumination system. The light intensity was measured using a Si photodiode (Oreal 91105V). The total light intensity was 11.3 mW s −1 at 313 nm and the irradiation area was around 7 cm 2 . The AQE values at different wavelengths were calculated using the following equation [23] :
2 × the number of evolved H 2 molecules AQE = × 100%. the number of incident photons
RESULTS AND DISCUSSION
In this work, m ixed-phase MgTiO 3 /MgTi 2 O 5 and other metal titanate microspheres were prepared by the SA precursor method. Magnesium titanate is different from the othermetal titanates, since it exists in two phases (MgTiO 3 and MgTi 2 O 5 ), as a result of which it is very difficult to obtain a pure phase. However, we found that the mixed-phase is beneficial for photocatalysis [22] . The SEM images of the Mg-SA precursor shown in Fig. 1 reveal that the precursor exhibits sphere-like morphology with a diameter of about 4-5 μm. The high-resolution SEM images in Figs 1b and c clearly show that the surface of the microspheres is rough, indicating that the microspheres are formed by the aggregation of small nanoparticles that are about 10-30 nm in diameter. This implies that the polymerization of Mg-SA complexes occurs via chemical contact and aggregation through self-assembly of the small nanoparticles. The XRD pattern of the precursor, which is shown in Fig. 1d , further indicates the presence of the metal framework. It is well accepted that the XRD peak at 2θ of around 10° can be at-
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tributed to the typical metal framework formed by Mg 2+ and SA [24] . The Fourier transform infrared (FT-IR) spectrum of the Mg-SA precursor (Fig. 1e) shows the presence of organic groups including carboxyl and hydroxyl groups (indicated by the peak at 3300 cm −1 ) and benzene ring (peaks at 1620, 1490, 1384, and 1252 cm −1
). In addition, peaks are observed at 1119 and 779 cm −1 , which are attributed to the C-O vibration and orthosubstituent benzene, respectively. The above data illustrate that the microspheres are formed by the polymerization of Mg-SA complexes.
The TG curve shown in Fig. 1f demonstrates that the metal-organic framework consists of about 51% organic species, implying that one metal ion could coordinate with two SA molecules, based on their molecular weight. Based on these results, we believe that the magnesium titanate microspheres were formed by the coordination-polymerization-aggregation-calcination process illustrated in Scheme 1.
During the solvothermal reaction, the anion is a linear trinuclear carboxylate cluster with octahedral Mg 2+ ions bridged by four SA − ions and two μ 2 -bridging water molecules. Four SA − bind to the two terminal Mg 2+ ions as monodentate ligands and form hydrogen bonds with the μ 2 -bridging water molecules, completing the Mg-SA-H 2 O networks, as reported in the literature [25] [26] [27] . The networks then begin to polymerize and aggregate into spherelike structures, which have minimum surface energy. SEM images acquired over the course of the reaction (Fig. S1 ) further prove that the microspheres are formed by the self-assemblyof small nanoparticles.
The SEM images of the mixed-phase MgTiO 3 /MgTi 2 O 5 microspheres after calcination at different temperatures from 600 to 800°C, are shown in Fig. 2 . The annealing temperature is crucial in the case of mixed-phase magnesium titanate, since the phase transformations that occur during annealing at various temperatures cause different behavior of the photogenerated charges. In the low-resolution SEM image of MT700, it is clear that the surface of the microspheres is smooth and the microspheres are uniform and monodispersed. In the cases of MT600 and MT800, there are no obvious differences in the SEM images (Figs 2a, e, In order to confirm the effect of annealing temperature on the phase transformations of titanates, the Mg-SA precursor samples were annealed at three different temperatures and the phases of the three samples were analyzed using XRD. Two different phases of magnesium titanates are observed in the XRD patterns (Fig. 3) TEM images were used to further understand the structure of the solid mixed-phase microspheres. Fig. 4b indicates that the constituent nanoparticles in the microspheres are about 10-30 nm, which is consistent with the obser- Light absorption of the photocatalytic material as well as migration of the light-induced electrons and holes are key factors that control photocatalytic reactions. These factors are related to the electronic structural characteristics of the material [28] . , where a, ν, E g and A are the absorption coefficient, light frequency, band gap, and a constant, respectively. Among these factors, the value of n determines the transition characteristics in a semiconductor [29] , and for MgTiO 3 /MgTi 2 O 5 , n = 4. The band gaps of the three microspheres are calculated to be ~3.55 eV from the onset of the absorption edge, as shown in Fig. 5b . In our previous study, we demonstrated that the mixed-phase MgTiO 3 /MgTi 2 O 5 has sufficient reducing capacity to reduce H + to H 2 under UV light excitation.
Photocatalytic hydrogen production using semiconductors under solar irradiation has aroused interest and is regarded as a potential method for combating the energy crisis in the future [30] . The as-prepared mixed-phase MgTiO 3 /MgTi 2 O 5 microspheres possess excellent charge separation and reduction capabilities, which are beneficial for photocatalytic hydrogen production. As shown in Fig. 6a , the hydrogen production yields are 76, 117, and 39 μmol h −1 (with 0.1 g of ca talyst) for MT600, MT700, and MT800, respectively. The yield obtained with MT700 is approximately twice the value obtained with the mixedphase junction nanoparticles (Table S1 ), whereas it is four times higher than the values obtained with pure Fig. 6b indicates that the samples produce hydrogen continuously and stably over the course of the reaction. The AQE of MT700 is 26.9% at 313 nm, which is consistent with the data from the UV-vis spectra. It is worth noting that the BET surface areas of MT600, MT700, and MT800 determined from the N 2 adsorption-desorption isotherms shown in Fig. S3, are 22.3, 18 .6, and 12.4 m 2 g −1
, respectively. This indicates that the phase transformation and surface area could influence charge transport, which in turn could affect the hydroge n production efficiency. The results of our experiments clearly indicate that the SA precursor method can be successfully used to prepare mixed-phase MgTiO 3 /MgTi 2 O 5 microspheres with enhanced photocatalytic hydrogen production efficiency.
Next, we demonstrate that BaTiO 3 , ZnTiO 3 , CoTiO 3 , NiTiO 3 , and CdTiO 3 microspheres can be also fabricated via this novel SA precursor method. SEM images of different resolutions, for various titanate microspheres obtained by annealing metal-SA precursors in air, are shown in Fig.  7 . From the images, it is evident that the size and surface morphology of all the spheres are similar to the MgTiO 3 / MgTi 2 O 5 microspheres and have a diameter of about 5 μm. Fur ther, all the microspheres appear to be aggregates of small nanoparticles, as evident from the high-resolution SEM images. XRD patterns of the various titanates prepared by calcination at 700°C for 2 h are shown in Fig.  S4 . By comparing the XRD patterns of BaTiO 3 , ZnTiO 3 , CoTiO 3 , NiTiO 3 , and CdTiO 3 with the standard PDF card JCPDS no. 05-0626, 26-1500, 15-0866, 17-0617, and 29-0277, respectively, it is confirmed that all the samples are in the perovskite phase. The potential applications and performance capabilities of these titanates are being investigated. We believe that the SA precursor method proposed in this study is versatile and can be used for the synthesis of various titanates with a divalent metal ion in the A site. This is a facile method with low energy consumption and is suitable for preparing high-performance titanate photocatalysts for hydrogen production and even water splitting.
In summary, we have reported a versatile and facile coordination chemistry-based process (with SA as a ligand), combined with annealing in air, for the synthesis of titanates. The annealing temperature and time are reduced significantly compared with conventional methods, owing to the soft titanate precursors. Uniform sphere-like titanates with good crystallinity and pure or mixed perovskite phase have been prepared. The mixed-phase MgTiO 3 /MgTi 2 O 5 microspheres exhibit enhanced photocatalytic hydrogen production efficiencies, which are two and four times higher than those of mixed and pure-phase nanoparticles. We believe that this coordination chemistry-based soft route for preparing titanates could be extended to other perovskite functional materials, which can be utilized in energy and environmental applications. 
